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A quantum cascade laser 1 includes a semiconductor Sub 
strate, an active layer 15that is disposed on the semiconductor 
Substrate and has a cascade structure in which a unit layered 
structure 16 including a quantum well light emitting layer and 
an injection layer is stacked in multiples to alternately stack 
the quantum well light emitting layer and the injection layer, 
and a diffraction grating layer 20 disposed on the active layer. 
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QUANTUM CASCADE LASER 

TECHNICAL FIELD 

The present invention relates to a quantum cascade laser 
utilizing interSubband transition in a quantum well structure. 

BACKGROUND ART 

Light in a mid-infrared wavelength range (wavelength of 5 
um to 30 um, for example) is important in the field of spec 
troscopic analysis. In recent years, a quantum cascade laser 
(QCL) has been popular as a high performance semiconduc 
tor light source operating in the wavelength range (refer to 
Patent Literatures 1 to 8 and Non-Patent Literatures 1 to 9, for 
example). 
The QCL is a unipolar laser utilizing a subband level struc 

ture formed in a semiconductor well structure to generate 
light through intersubband electron transition. The QCL has a 
cascade connection of a plurality of quantum well light emit 
ting layers each having a quantum well structure that forman 
active region, thereby achieving high efficient and high output 
performance. The cascade connection of the quantum well 
light emitting layers is implemented by alternately stacking 
the quantum well light emitting layer and an electron injec 
tion layer, using the injection layer for injecting an electron 
into a light emission upper level. 
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SUMMARY OF INVENTION 

Technical Problem 

In the QCL described above, the operation temperature of 
the device had been limited to extremely low temperatures 
when the QCL initially had succeeded in laser oscillation, 
although in 2002 M. Beck et al. achieved room temperature 
continuous wave (CW) operationatan oscillation wavelength 
of 9.1 um (Non Patent Literature 1). After that, the room 
temperature CW operation was also achieved by M. Razeghi 
and his team at oscillation wavelengths of 6 Lim and 4.8 um 
(Non Patent Literatures 2 and 3). Nowadays the room tem 
perature continuous oscillation has achieved in a wide range 
of wavelengths of 3.8 to 11.5um and reached at the stage of 
putting into practical use. 

Following this successful room temperature continuous 
oscillation, efforts have been made to develop a QCL capable 
of single mode oscillation in a wide range of wavelengths by 
means of using a laser device with an external cavity (EC). 
Development has also been made for a distributed feedback 
(DFB) QCL capable of room temperature CW operation and 
scanning a single wavelength (refer to Non Patent Literature 
9, for example). 

In the conventional DFB QCL, device characteristics have 
been improved by concentrating the gain of light emission 
with a structure of generating light through electron interSub 
band transition from one light emission upper level into one 
light emission lower level (Patent Literature 6, for example). 
Specifically, Such a structure allows laser operation to achieve 
a low threshold, high slope efficiency, and the room tempera 
ture CW operation. 
When using such a single mode DFB QCL in spectroscopic 

analysis of gas, however, it is difficult to precisely match the 
gain peak of oscillation wavelength of the laser and the Bragg 
wavelength, which depends on the periodicity of a diffraction 
grating, because of the narrow gain width of the oscillation 
wavelength of the laser. To precisely match the gain peak and 
the Bragg wavelength, crystal growth needs to be controlled 
precisely, which is a problem affecting the yield. 
One solution to this problem is to relax the precision 

required for crystal growth by increasing the gain width of a 
QCL. The gain width and the device characteristics typically 
have a trade-off relation. Increase in the gain width thus 
results in deterioration of the device characteristics such as 
increase in the threshold or decrease in output. 
An objective of the present invention is thus to provide a 

QCL capable of simultaneously achieving a wide gain width 
and the device characteristics. 

Solution to Problem 

A QCL according to an aspect of the present invention 
includes: a semiconductor Substrate; an active layer that is 
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disposed on the semiconductor Substrate and has a cascade 
structure in which a unit layered structure including a quan 
tum well light emitting layer and an injection layer is stacked 
in multiples to alternately stack the quantum well light emit 
ting layer and the injection layer; and a diffraction grating 
disposed on the active layer. The unit layered structure has a 
Subband level structure including a first light emission upper 
level, a second light emission upper level having a higher 
energy than the first light emission upper level, and a plurality 
of light emission lower levels having lower energies than the 
first light emission upper level. Light is generated through 
intersubband transition of an electron from the first light 
emission upper level and the second light emission upper 
level to the light emission lower levels in the quantum well 
light emitting layer, and the electron having undergone the 
intersubband transition is injected via a level in the injection 
layer into a quantum well light emitting layer of another unit 
layered structure of a Subsequent period. The quantum well 
light emitting layer includes n (n is an integer equal to or 
greater than two) well layers, one of the first light emission 
upper leveland the second light emission upper level is a level 
attributable to a ground level of a first well layer on the 
injection layer side of a first period, and the other is a level 
attributable to an excited level of the well layers except for the 
first well layer. An energy difference between the first light 
emission upper level and the second light emission upper 
level is set to be smaller than energy of a longitudinal optical 
phonon, and an energy difference between the second light 
emission upper level and a high energy level adjacent to and 
higher than the second light emission upper level is set to be 
larger than the energy of the longitudinal optical phonon. 

In the QCL according to an aspect of the present invention, 
the unit layered structure including the light emitting layer 
and the injection layer has two light emission upper levels of 
the first light emission upper level and the second light emis 
sion upper level and the (two or more) light emission lower 
levels as levels involved in light emission. As described 
above, the combination of the two light emission upper levels 
and the two or more light emission lower levels can achieve a 
wide gain width. 

In the QCL according to an aspect of the present invention, 
one of the first light emission upper level and the second light 
emission upper level is a level attributable to the ground level 
of the first well layer of the light emitting layer, and the other 
is a level attributable to an excited level of the well layers 
except for the first well layer (the second to the n-th well 
layers). The energy difference between the first light emission 
upper level and the second light emission upper level is set to 
be smaller than the energy of the longitudinal optical (LO) 
phonon, and the energy difference between the second light 
emission upper leveland the high energy level adjacent to and 
higher than the second light emission upper level is set to be 
larger than the energy of the longitudinal optical phonon. 

With Such a configuration, characteristics such as an emis 
sion spectrum and other specifications obtained throughlight 
emitting transition can be appropriately set and controlled 
through designing of the coupling strength and energy differ 
ence between the levels, unlike an active layer structure uti 
lizing a Super lattice structure with a miniband consisting of 
excited levels of the well layers as the light emission upper 
levels. The configuration described above achieves a wide 
gain width and device characteristics, thereby achieving the 
QCL capable of appropriately obtaining light emission in a 
wide range of wavelengths. The subband level structure of the 
unit layered structure described above can be controlled 
through the design of the quantum well structure of the unit 
layered structure constituting the active layer. 
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4 
The diffraction grating layer may include a base disposed 

on the active layer and a plurality of mutually separate pro 
trusions disposed on the base. This allows adjustment of the 
distance from the active layer to the protrusions, which func 
tions as the diffraction grating, by the thickness of the base. 
That is, the coupling factor of the diffraction grating can be 
adjusted for a wavelength by adjusting the thickness of the 
base. 
The diffraction grating layer may include a phase shifting 

portion. The bimodal oscillation stemming from an error in 
the position of cleavage of the diffraction grating in manu 
facturing is thus prevented, which allows manufacturing of 
the QCL that stably performs the single mode oscillation. A 
W4 phase shifting diffraction grating with the asperity phase 
of the diffraction grating inverted in the vicinity of the center 
of the diffraction grating is preferably adopted in particular, 
because the oscillation threshold gain is then only for one 
mode, the minimum mode. 

Advantageous Effects of Invention 

The present invention provides a QCL capable of simulta 
neously achieving a wide gain width and the device charac 
teristics. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a diagram illustrating the configuration of a QCL 
according to an embodiment of the present invention. 

FIG. 2 is a diagram illustrating a subband level structure of 
an active layer of the QCL. 

FIG. 3 is a diagram illustrating an example of the configu 
ration of a unit layered structure included in the active layer. 

FIG. 4 is a table for an example configuration of the unit 
layered structure for one period in the active layer. 

FIG.5 is a graph of an emission spectrum obtained with the 
QCL. 

FIG. 6 is a graph illustrating the Voltage dependency of a 
full width at half maximum of light emission. 

FIG. 7 is a graph illustrating the electric field intensity 
dependency of the energy difference between a first light 
emission upper level and a second light emission upper level. 

FIG. 8 is a graph illustrating the electric field intensity 
dependency of the existence probability of an electron at the 
first light emission upper level or at the second light emission 
upper level in the light emitting layer except for a first well 
layer therein. 

FIG. 9 is a graph illustrating the current-voltage-light out 
put characteristics of the QCL. 

FIG. 10 is a graph illustrating the temperature dependency 
of threshold current density. 

FIG. 11 is a graph of an oscillation spectrum of the QCL. 
FIG. 12 is a graph of the oscillation spectrum of the QCL 

and single mode oscillation corresponding to the periodicity 
of each diffraction grating. 

DESCRIPTION OF EMBODIMENTS 

The following describes preferred embodiments of the 
present invention with reference to the accompanying draw 
ings. The same numeral denotes the same element or an 
element having the same function, and any redundant 
description will be omitted. 
The Entire Configuration of a QCL 
A QCL1 according to the present embodiment is a unipolar 

laser device that generates light through interSubband elec 
tron transition in a semiconductor quantum well structure. 
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The QCL1 has a configuration in which a cladding layer 13a, 
a lower core layer 11, an active layer 15, an upper core layer 
12, a diffraction grating layer 20, a cladding layer 13b, and a 
contact layer 14 are sequentially stacked on a semiconductor 
substrate 10 in this order from the semiconductor substrate 10 
side as illustrated in FIG. 1. 
The Configuration of the Active Layer 
The active layer 15 has a cascade structure in which a 

quantum well light emitting layer used for generating light 
and an electron injection layer used for injecting an electron 
into the light emitting layer are alternately stacked in mul 
tiples. A semiconductor layered structure including the quan 
tum well light emitting layer and the injection layer is taken as 
a unit layered structure 16 for one period, and the unit layered 
structure 16 is stacked in multiples to construct the active 
layer 15 having a cascade structure. The number of stacks of 
the unit layered structures 16 including the quantum well 
light emission layer and the injection layer is set as appropri 
ate, for example, in the hundreds. The active layer 15 is 
disposed on the semiconductor substrate 10 through the lower 
core layer 11 in the present embodiment, but may be disposed 
directly on the semiconductor substrate 10. 

Each of the unit layered structures 16 included in the active 
layer 15 includes the quantum well light emitting layer 17 and 
the electron injection layer 18 as illustrated in FIG. 2. The 
light emitting layer 17 and the injection layer 18 each have a 
certain quantum well structure including a quantum well 
layer and a quantum barrier layer. This configuration forms a 
subband level structure that is an energy level structure due to 
a quantum well structure in the unit layered structure 16. 
The subband level structure formed in the unit layered 

structure 16 includes a first light emission upper level (level 3) 
L., a second light emission upper level (level 4) L2, and a 
plurality of light emission lower levels (levels 2) L, as 
illustrated in FIG. 2. The second light emission upper level 
La has a higher energy than the first light emission upper 
level L. The light emission lower levels Li have lower 
energies than the first light emission upper level L. 
The light emitting layer 17 includes n (n is an integer equal 

to or greater than two) well layers. One of the first light 
emission upper level L. and the second light emission upper 
level L is a level attributable to the ground level of the first 
well layer on an injection layer 18a side of the first period, and 
the other is a level attributable to an excited level of the well 
layers except for the first well layer (the second to the n-th 
well layers). 

The energy difference AE between the first light emission 
upper level L. and the second light emission upper level 
L is set to be smaller than the energy E, of the longitudi 
nal optical (LO) phonon (AE<E). A high energy level 
(level 5) L, is adjacent to and higher than the second light 
emission upper level L2. The energy difference AEsa 
between the second light emission upper level L2 and the 
high energy level L is set to be larger than the energy E of 
the LO phonon (E-AEs). 

The energy E of the LO phonon is, for example, 34 meV 
for InGaAs as the semiconductor material of the quantum 
well layer. The energy E of the LO phonon is 36 meV for 
the quantum well layer of GaAs and 32 meV for the quantum 
well layer of InAS, the energies approximately equal to 34 
meV described above. 

The two light emission upper levels L and L2 are 
preferably designed so that the energies of the levels are equal 
and their wave functions are strongly coupled (anticrossing) 
in the presence of an operational electric field. With this 
configuration, these two upper levels behave as if they are a 
single light emission upper level having a range in energies. 
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By controlling the coupling strength between the two upper 
levels, it is possible to control the full width at half maximum 
(FWHM) of light emission. The light emission lower levels 
L constitute a lower miniband MB including a plurality of 
levels, and a light emitting transition from the first light emis 
sion upper level and the second light emission upper level 
disperses to the lower miniband. 
The unit layered structure 16 illustrated in FIG. 2 includes 

an injection barrier layer provided between the light emitting 
layer 17 and the injection layer 18a of the unit layered struc 
ture of the previous period. The injection barrier layer is an 
injection barrier for an electron injected from the injection 
layer 18a into the light emitting layer 17. An exit barrier layer 
may be provided between the light emitting layer 17 and the 
injection layer 18. The exit barrier layer is an exit barrier for 
an electron from the light emitting layer 17 into the injection 
layer 18. FIG. 2 illustrates a configuration in which simply a 
thin barrier layer is provided between the light emitting layer 
17 and the injection layer 18, thin enough to allow the wave 
function to leak through it sufficiently. 
The miniband MB has a band structure with a plurality of 

levels extending from the light emitting layer 17 to the injec 
tion layer 18, the band structure resulting from the coupling 
between the miniband in the quantum well light emitting 
layer 17 and the miniband in the injection layer 18. Of the 
miniband MB, the higher energy portion in the light emitting 
layer 17 functions as the lower miniband consisting of the 
light emission lower levels L. described above, whereas the 
lower energy portion in the injection layer 18 functions as a 
relaxation miniband including a relaxation level (level 1) L 
that allows an electron having undergone a light emitting 
transition to be relaxed from the light emission lower levels 
L into a light emitting layer 17b of the Subsequent period. 
The light emission lower levels L and the relaxation 

level L., which are continuous levels, allow a markedly high 
efficient generation of the population inversion. The ground 
level L in the injection layer 18 among the relaxation levels 
L. constituting the relaxation miniband is preferably designed 
to strongly couple with the second light emission upper level 
La in the light emitting layer 17b of the unit layered struc 
ture of the Subsequent period in the presence of an operational 
electric field. 
An electrone at the relaxation level L. in the injection 

layer 18a of the previous period is injected into the light 
emitting layer 17 through the injection barrier owing to the 
resonant tunneling effect. This markedly strongly populates 
the second light emission upper level L. coupled with the 
relaxation level L. At the same time, the first light emission 
upper level L is supplied with sufficient electrons through 
a fast scattering process such as an electron-electron Scatter 
ing, and thus the two light emission upper levels L and L2 
are supplied with sufficient carriers. 

Electrons injected into the first light emission upper level 
L and the second light emission upper level La transit to 
the light emission lower levels Li constituting the lower 
miniband. Through this, light hv having the wavelength cor 
responding to the energy difference between the upper levels 
Li and L2 and the lower levels Li is generated and 
emitted. As described above, the two upper levels behave as if 
they are a single light emission level having a range in ener 
gies, and thus the obtained light emitting spectrum is an 
evenly distributed spectrum. FIG. 2 only illustrates a light 
emitting transition from the upper levels L and La to the 
highest lower level L. and omits illustration of transitions to 
the other lower levels. 
The electron transited to the light emission lower level L. 

is then relaxed fast through interminiband relaxation by the 
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LO phonon Scattering, the electron-electron scattering, and 
other interactions within the miniband MB including the light 
emission lower levels L and the relaxation levels L, in the 
injection layer 18. Through Such an extraction of a carrier 
from the light emission lower level L through intermini 
band relaxation, the population inversion to achieve laser 
oscillation is easily generated between the two upper levels 
Li and L2 and the lower levels Lt. An electron relaxed 
from the light emission level L to the level L. in the injec 
tion layer 18 is injected via the ground level L in the injection 
layer 18, which is a relaxation level on a lower energy side, to 
the light emission upper levels L and L2 in the light 
emitting layer 17b of the Subsequent period in a cascade 
a. 

Through repetition of the injection, the light emitting tran 
sition, and the relaxation in the unit layered structures 16 
included in the active layer 15, light generation occurs in the 
active layer 15 in a cascademanner. In other words, with large 
numbers of the quantum well light emitting layers 17 and the 
injection layers 18 alternately stacked, an electron is allowed 
to move sequentially through the layered structures 16 in a 
cascade manner and generates light hv through interSubband 
transition in each of the layered structures 16. Such light is 
resonated in an optical resonator to generate a laser light of a 
certain wavelength. 
The Configuration of the Diffraction Grating Layer 
Back in FIG. 1, the diffraction grating layer 20 includes a 

base 20a disposed on the active layer 15 through the upper 
core layer 12 and a plurality of protrusions 20b disposed on 
the base 20a. The base layer 20a is formed on the entire 
surface of the upper core layer 12. The base layer 20a func 
tions as an etching stopper when the protrusions 20b are 
fabricated by etching, and have a function of adjusting the 
distance from the active layer 15 to the protrusions 20b. 
The protrusions 20b are arranged mutually and equally 

separate to form a certain pattern on the base 20a. When a 
target wavelength is 5.26 um (wavenumber is 1901 cm), the 
pitch of the protrusions 20b can be set to 824 nm utilizing the 
first order diffraction. A protrusion 21 located about the cen 
ter in the width direction of the QCL 1 has its width set to 
about twice as that of the other protrusions 22 as illustrated in 
FIG.1. As a result of the protrusions 21 thus functioning as a 
phase shifting portion, the protrusions 20b (the diffraction 
grating layer 20) function as a W/4 phase shifting diffraction 
grating. The cladding layer 13b is formed to fill the gaps 
between the protrusions 20b. 

The protrusions 20b can be formed by interference lithog 
raphy, electron beam lithography, nanoimprint lithography, 
or other methods. The gap (period) between the protrusions 
20b is 824 nm approximately when the target wavelength is 
5.26 um (wavenumber is 1901 cm), for example, and the 
accuracy of manufacturing the diffraction grating is t0.8 mm 
or less. It is thus preferable to form the protrusions 20b by the 
nanoimprint lithography in particular. This is because the 
nanoimprint lithography enables highly accurate manufactur 
ing of a phase shifting diffraction grating with a large area, 
thereby preventing the bimodal oscillation. 
A Specific Example of the Structure of a Device including 

the Quantum Well Structure in the Active Layer 
The following describes a specific example of the structure 

of a device including the quantum well structure in the active 
layer 15 with reference to FIGS. 1, 3, and 4. 
The semiconductor substrate 10 according to the present 

configuration example is made of an n-type InP single crystal. 
The cladding layers 13a and 13b are made of InP, and their 
thicknesses may be set to 3.5 um approximately. The lower 
core layer 11 is made of InGaAs, and its thickness may be set 
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8 
to 300 nm approximately. The upper core layer 11 is made of 
InGaAs, and its thickness may be set to 300 nm approxi 
mately. The contact layer 14 is made of InGaAs, and its 
thickness may be set to 10 nm approximately. The base layer 
20a is made of InP, and its thickness may be set to 200 nm to 
300 nm approximately. The protrusions 20b are made of 
InGaAs, and their thickness may be set to 100 nm approxi 
mately. 
The quantum well structure of the active layer 15 according 

to the present configuration example has its oscillation wave 
length set to 8.7 um (oscillation energy: 142 meV) and the 
operational electric field set to 41 kV/cm, for example. FIG.3 
illustrates the quantum well structure and the Subband level 
structure for part of the repeated structure of the multiples of 
the light emitting layer 17 and the injection layer 18 in the 
active layer 15. The device structure illustrated in FIGS. 1 and 
3 can be formed through crystal growth by molecular beam 
epitaxy (MBE) or metalorganic vapor phase epitaxy 
(MOVPE). 
The active layer 15 according to the present configuration 

example includes 40 periods of the unit layered structure 16 
consisting of the quantum well light emitting layer 17 and the 
electron injection layer 18. The structure of the unit layered 
structure 16 for one period is a quantum well structure in 
which 11 of the quantum well layers 161 to 164 and 181 to 
187 and 11 of the quantum barrier layers 171 to 174 and 191 
to 197 are alternately stacked as illustrated in FIG. 3. 
Among these semiconductor layers of the unit layered 

structure 16, the quantum well layers are made of 
InosGaz As layers. The quantum barrier layers are made of 
Alois-IncasAS layers. The structure of the active layer 15 is 
thus an InGaAs/InAlAs structure lattice-matched to the InP 
Substrate 50. 
As illustrated in FIG. 3, in the unit layered structure 16, a 

layered portion consisting of the four well layers 161 to 164 
and the four barrier layers 171 to 174 mainly functions as the 
light emitting layer 17. In the unit layered structure 16, a 
layered portion consisting of the seven well layers 181 to 187 
and the seven barrier layers 191 to 197 mainly functions as the 
injection layer 18. Among the semiconductor layers of the 
light emitting layer 17, the first quantum barrier layer 171 is 
positioned between the injection layer of the previous period 
and the light emitting layer 17 and functions as an injection 
barrier layer for an electron from the injection layer of the 
previous period into the light emitting layer 17. 

In the present configuration example, the exit barrier layer 
is positioned between the light emitting layer 17 and the 
injection layer 18 but does not practically function as an exit 
barrier for an electron from the light emitting layer 17 into the 
injection layer 18. In FIG. 3, the wave functions of the light 
emission upper levels Li and La decay before the fifth 
barrier layer 191 of the unit layered structure 16, which is 
practically taken as an exit barrier layer to functionally sepa 
rate the light emitting layer 17 and the injection layer 18 
before and after the exit barrier layer. FIG. 4 illustrates an 
example of the configuration of the unit layered structure 16 
for one period in the active layer 15. 
The unit layered structure 16 has the subband level struc 

ture illustrated in FIG.3 that has the first light emission upper 
level (level 3) L1, the second light emission upper level 
(level 4) L, the light emission lower levels (levels 2) L. 
and the relaxation levels L (level 1). The level structure in 
FIG. 3 has 12 levels contributing laser operation, of which a 
plurality of levels correspond to the light emission lower 
levels L and the relaxation levels L. As described above, 
the light emission lower levels and the relaxation levels form 
the miniband MB of a plurality of levels extending from the 
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light emitting layer 17 to the injection layer 18. The thick 
nesses of the well layers and the barrier layers in the light 
emitting layer 17 and the injection layer 18 are quantum 
mechanically designed. 
A Specific Procedure of Designing the Quantum Well 

Structure 
The following describes a specific procedure of designing 

the quantum well structure of the unit layered structure 16. 
First, the energy difference between the first light emission 
upper level (level 3) L, and the light emission lower levels 
(level 2) L, and the configuration of extracting an electron 
from the light emission lower levels are determined to give the 
oscillation wavelength of the laser device. The subband level 
structure described above has the lower miniband consisting 
a plurality of levels as the light emission lower levels L. 
The energy difference between the first light emission 

upper level L. and the lower miniband including the light 
emission lower levels L is determined by the well widths of 
the well layers 161 to 164 in the light emitting layer 17, the 
thicknesses of the barrier layers 172 to 174 in the light emit 
ting layer 17, and the operational electric field. The opera 
tional electric field is set based on the expected layer thick 
ness and Voltage drop of the layered structure for one period. 
In the present configuration example, as described above, the 
operational electric field is set to 41 kV/cm. 
The well widths of the well layers 161 to 164, the thick 

nesses of the barrier layers 172 to 174, and the thickness of the 
barrier layer 191 of the injection layer 18, which determine 
the emission wavelength, cannot be determined indepen 
dently. This is because the wave functions of the levels are 
sensitively affected by the quantum well layers and the barrier 
layers. For these semiconductor layers, their thicknesses are 
quantum mechanically determined through numerical calcu 
lation. The design wavelength will change at the next design 
step of determining the level position of the second light 
emission upper level L2, and thus the configuration of the 
quantum well layers 162 to 164 and the barrier layers 173 and 
174 is roughly determined here. 
The well width of the quantum well layer 161 is then 

determined to set the second light emission upper level (level 
4) L. The thickness of the well layer 161 as the first well 
layer of the light emitting layer 17 is naturally smaller than 
those of the other well layers of the light emitting layer 17 
because the ground level of the first well layer 161 as a single 
quantum well layer corresponds to the second light emission 
upper level L2. 

The first light emission upper level L. and the second 
light emission upper level L2 need to have their wave func 
tions coupled and overlapped sufficiently in the presence of 
the operational electric filed. 

The thickness of the first well layer 161 is thus set for the 
ground level of the well layer 161 and the first light emission 
upper level L to have substantially the same energy in the 
presence of the operational electric field. In this case, the first 
light emission upper level L is an excited level of the well 
layers other than the first well layer 161. 
The thickness of the second barrier layer 172 determines 

the size of anticrossing when the first light emission upper 
level L. and the second light emission upper level L2 are 
coupled (the energy difference AE between the level 3 and 
the level 4 when the levels are completely coupled). The size 
of anticrossing is large for the thin barrier layer 172 and small 
for the thick barrier layer 172. 
The QCL according to an aspect of the present invention 

achieves a wide FWHM of light emission by controlling 
transition from the first light emission upper level L. and the 
second light emission upper level L2 to the light emission 
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10 
lower levels L. Such function deteriorates for an inappro 
priate thickness of the barrier layer 172. 
When the barrier layer 172 is too thin, AE is large, which 

causes a transition to the light emission lower level L to be 
weighted in a transition to either of the first light emission 
upper level L. and the second light emission upper level 
La, resulting in a narrow FWHM of light emission. Even if 
light emission occurs without such weighting, its emission 
spectrum is nonuniform as in an interminiband transition. 

In contrast, when the barrier layer 172 is too thick, AE is 
too small. When there exists any barrier layer thicker than the 
injection barrier layer 171 in the cascade structure, it is diffi 
cult to transport carriers, which may deteriorate the laser 
operation. With these considerations, the thickness of the 
barrier 172 needs to be appropriately set smaller than that of 
the injection barrier layer 171. In the configuration example 
illustrated in FIG. 4, the thickness of the barrier layer 172 is 
set to 2.7 nm to set the energy difference AE between the 
light emission upper levels Li and L2 to 18 meV. 
As described above, the miniband MB serves as the light 

emission lower levels L. In the miniband MB, there are a 
number of levels with their wave functions extending in 
space. To achieve Such a configuration, all the barrier layers 
included in the light emitting layer 17 need to have a thin 
thickness, thereby strongly coupling their levels. 
The levels existing in the electron injection layer 18 are 

also used as levels included in the miniband MB, and thus the 
thickness of the first barrier layer (exit barrier layer) 191 of 
the injection layer 18 needs to be set small to allow the wave 
functions of these levels to leak into the light emitting layer 
17. The exit barrier layer 191 needs to be carefully designed 
because its too large thickness would not only deteriorate 
electron flow from the light emitting layer 17 to the injection 
layer 18 but also prevent formation of the lower miniband 
MB. In the present configuration example, as described 
above, the first barrier layer 191 does not function as an 
effective exit barrier. 

In the process of designing the quantum well structure, the 
design wavelength and the separation between the levels keep 
changing, but every time when a change happens a fine 
adjustment is carried out to eventually determine all the thick 
nesses of the quantum well layers and the barrier layers in the 
light emitting layer 17. As a result, the thicknesses of the well 
layers 161 to 164 are set to 3.1 nm, 7.5 nm, 5.8 nm, and 5.2 
nm, respectively. The thicknesses of the barrier layers 172 to 
174 and the barrier layer 191 of the injection layer 18 are set 
to 2.7 nm, 0.9 nm, 1.0 nm, and 1.2 nm, respectively. 
The electron injection layer 18 is designed below. In the 

present configuration example, a funnel injector (Patent Lit 
erature 8: Japanese Patent Application Laid-Open Publica 
tion No. 10-4242) is employed as the structure of the injection 
layer 18. By employing the funnel injector, the energy differ 
ences of the miniband MB can be narrowed toward the sub 
sequent period, thereby enhancing the injection efficiency of 
an electron into the second light emission upper level L. 
This level structure can be achieved by making the thick 
nesses of the quantum well layers Smaller and the thicknesses 
of the barrier layers larger in the injection layer 18 from the 
light emitting layer 17 side toward the light emitting layer 17b 
of the Subsequent period. 

In designing the injection layer 18 illustrated in FIG. 3, the 
design needs to start with the quantum well layer 187 adjacent 
to the light emitting layer 17b of the subsequent period. This 
is because the wave function of the level existing in the well 
layer 187 (the ground level in the injection layer 18 in the 
presence of the operational electric field) needs to be config 
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ured to follow that of the light emission upper level under any 
electric field lower than the operational electric field. 

To achieve such a configuration, the thickness of the well 
layer 187 needs to be slightly (a several angstrom) larger than 
that of the well layer 161. In the present configuration 
example, for the thickness of the well layer 161 of the light 
emitting layer 17 set to 3.1 nm, the thickness of the well layer 
187 of the injection layer 18 is set to 3.3 nm. This enables 
excitation of the second light emission upper level L. 
through electron injection from the relaxation miniband, 
thereby achieving a wide FWHM of light emission. 

The following considers a case where the well layer 187 is 
thicker than the well layer 161 by 6 A (0.6 nm, two atomic 
layer). In the presence of a low electric field, the relaxation 
levels in the well layer 187 are not only lower than the second 
light emission upper level L in the well layer 161 but also 
lower than the first light emission upper level L. In such a 
level structure, when the electric field becomes close to the 
operational electric field, an electron is first injected into the 
first light emission upper level Li, which makes it difficult 
to have a wide FWHM of light emission. 

After the thickness of the well layer 187 is determined, the 
thicknesses of the other quantum well layers and the barrier 
layers in the injection layer 18 are determined by the same 
method conventionally done. The thickness of the first barrier 
layer 191 of the injection layer 18 is set as described above. 
Among the semiconductor layers included in the injection 

layer 18, the thicknesses of the well layers and the barrier 
layers on the exit barrier layer 191 side are designed accord 
ingly to enable transporting of all electrons from the levels 
existing in the light emitting layer 17 to the miniband in the 
injection layer 18. In contrast, for the thicknesses of the well 
layers and the barrier layers on the injection barrier layer 171 
of the subsequent period, the relaxation miniband needs to be 
narrowed sufficiently to allow electrons from the injection 
layer 18 to be injected into the second light emission upper 
level L2 of the subsequent period but not into the level L on 
a higher energy side. 
As a result of designing with the above points taken into 

consideration, the thicknesses of the well layers 181 to 187 
are set to 4.1 nm, 3.8 nm, 3.5 nm, 3.4 nm, 3.4 nm, 3.4 nm, and 
3.3 nm, respectively. The thicknesses of the barrier layers 192 
to 197 are set to 1.5 nm, 1.6 nm, 1.7 nm, 2.0 nm, 2.3 nm, and 
2.8 nm, respectively. 
The following determines the thickness of the injection 

barrier layer 171 in the quantum well light emitting layer 17. 
The barrier layer 171 determines the coupling strength 
between the periods in the cascade structure of the unit lay 
ered structures 16 and determines the maximum current to 
flow. The coupling strength between the wave functions is 
determined by the anticrossing gap, and in the present con 
figuration example the anticrossing gap is designed to be 7.3 
meV to allow an equivalent current to the conventional tech 
nology to flow. The thickness of the injection barrier layer171 
thus designed is 3.7 mm. 

The Characteristics and Other Specifications of the QCL 
The following describes the characteristics and other 

specifications of the QCL according to the configuration 
example designed as described above with reference to FIGS. 
5 to 8. 

FIG. 5 is a graph illustrating the operational Voltage depen 
dency of an emission spectrum obtained with the QCL. In the 
graph, the abscissa represents the emission energy (meV) and 
the ordinate represents the emission intensity (a.u.). Graphs 
A1 to A7 represent the emission spectra at applied Voltages of 
5.9 V, 6.8 V, 7.6V, 8.3 V, 9.0 V, 9.7V, and 10.3 V, respectively. 
As illustrated in Graphs A1 to A7, by adopting the level 
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12 
structure described above (dual-state-to-continuum struc 
ture) in the active layer, its emission spectrum exhibits a wide 
and flat emission. The FWHM of light emission in this case is 
equivalent to that of a two-stack bound-to-continuum (BTC) 
structure, and a wide and high quality emission is achieved by 
a single design recipe. 

FIG. 6 is a graph illustrating the Voltage dependency of the 
FWHM of light emission (FWHM of the emission spec 

trum). In this graph, the abscissa represents the applied Volt 
age (V) and the ordinate represents the FWHM (meV), which 
is the full width half maximum. The graphs represent opera 
tional examples at an operational temperatures of 300 K 
(Graph B1) and 303 K (Graphs B2 and B3). 

Graphs (data plots) B1 to B3 illustrate the voltage depen 
dencies of the FWHM of light emission when the novel 
structure described above, the conventional bound-to-bound 
structure, and the BTC structure are adopted respectively. 
As illustrated in Graphs B1 to B3, a markedly large FWHM 

oflight emission is obtained for the novel structure described 
above as compared to the other structures. The Voltage depen 
dency of the FWHM of light emission shows that the FWHM 
of light emission decreases for the BTC structure as the volt 
age increases. In contrast, the FWHM of light emission is 
Substantially constant for the novel structure and the Voltage 
dependency is significantly small. This suggests that the 
novel structure described above has a markedly high Superi 
ority in being adopted in laser devices such as DFB type and 
EC type. 
The QCL having the structure described above exhibits 

Sufficient characteristics and functionalities in light emitting 
transition from the first light emission upper level L. and the 
second light emission upper level L to the light emission 
lower levels L., only when a sufficient strength of transition 
from the two levels L and L2 is obtained as described 
above. The two upper levels therefore need to be sufficiently 
coupled in operation and their wavefunctions need to extend 
over the entire light emitting layer 17. One of the first light 
emission upper level and the second light emission upper 
level is usually localized in the first well layer of the light 
emitting layer 17 and has its wavefunction extended over the 
entire light emitting layer 17 only when coupled with the 
other upper level. 

FIG. 7 is a graph illustrating the electric field intensity 
dependency of the energy difference between the first light 
emission upper level L. and the second light emission upper 
level L2. In this graph, the abscissa represents the electric 
field intensity (kV/cm) applied to the active layer 15, and the 
ordinate represents the energy difference AEs (meV) 
between the first light emission upper level and the second 
light emission upper level. 

FIG. 8 is a graph illustrating the electric field intensity 
dependency of the existence probability of an electron at the 
first light emission upper level L. and at the second light 
emission upper level L in the light emitting layer 17 except 
for the first well layer 161 therein. In this graph, the abscissa 
represents the electric field intensity (kV/cm) and the ordinate 
represents the existence probability of an electron at the light 
emission upper level except for the first well layer 161. Graph 
C1 represents the existence probability of the first light emis 
sion upper level except for the first well layer 161, and Graph 
C2 represents the existence probability of the second light 
emission upper level except for the first well layer 161. 

In the ranges specified by Ranges R1 and R2 in FIGS. 7 and 
8, which are the ranges of electric field intensity of 36 to 47 
kV/cm, the first light emission upper level L. and the sec 
ond light emission upper level L2 are strongly coupled and 
the existence probability of an electron except for the first 
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well layer 161 is more than 30% for the first light emission 
upper level L. and the second light emission upper level 
L2, a preferable condition fulfilled. In this condition, the 
energy difference between the two light emission upper levels 
reaches its minimum. In the novel QCL described above, the 
quantum well structure in the unit layered structure 16 and the 
resulting subband level structure are preferably designed by 
considering conditions for Such a coupled State of the first 
light emission upper level and the second light emission 
upper level, their energy difference, and the spreading of their 
wave functions (existence probabilities). 

The following further describes the characteristics and 
other specifications of the QCL according to the configura 
tion example above with reference to FIGS. 9 to 11. The 
characteristics are described for the laser device having a 
configuration in which the resonator has a length of 4 mm and 
a ridge has a width of 14 um in the ridge waveguide configu 
ration. A laser end face of the laser device is formed by 
cleavage and has no coating or the like applied. 

FIG. 9 is a graph illustrating the current-voltage-light out 
put characteristics of the QCL. In this graph, the abscissa 
represents the current (A) or the current density (kA/cm)and 
the ordinate represents the voltage (V) or the intensity of light 
(W). The graph illustrates the characteristics of the laser 
device pulse-operated with a pulse width of 100ns and a pulse 
repetition frequency of 100 kHz. Graph D0 illustrates the 
current-Voltage characteristic at an operational temperature 
of 300 K, and Graphs D1 to D6 illustrate the current-voltage 
characteristics at operational temperatures of 300 K, 320 K, 
340 K, 360 K, 380 K, and 400 K, respectively. 
As illustrated by Graphs D0 to D6, markedly excellent 

laser characteristics are obtained because of the novel struc 
ture described above. The threshold current density is as low 
as 2.6 kA/cm at room temperature, which is a value compa 
rable to that of a laser device with a narrow gain width. The 
total light emission from the both end faces reaches as high as 
1 Wat room temperature, demonstrating that a markedly high 
outputting laser device is feasible. The slope efficiency is 
obtained to be approximately 1 W/A. 

FIG. 10 is a graph illustrating the temperature dependency 
of the threshold current density. In this graph, the abscissa 
represents the temperature (K) and the ordinate represents the 
threshold current density (kA/cm). As illustrated by the 
graph, the temperature characteristic of the threshold is mark 
edly excellent. The value of the characteristic temperature To 
which indicates the increase rate of the threshold with tem 
perature, is approximately 340 K, which is twice as those of 
QCLs disclosed so far. The characteristic temperature To is 
defined by the equation below: 

Ji, Joexp(TVTo). 

In FIG. 10, the maximum operational temperature is beyond 
400 K, and it is expected from the threshold and the tempera 
ture characteristics that the device is capable of performing 
oscillation up to 470 K approximately. 

FIG.11 is a graph of an oscillation spectrum of the QCL. In 
the graph, the abscissa represents the wavenumber (cm)and 
the ordinate represents the intensity (a.u.). Graphs E1 to E3 
represents the oscillation spectra at a current of 1.75A, 2.3 A. 
and 2.7A, respectively. 
As illustrated by Graphs E1 to E3, the QCL having the 

novel structure oscillates around again peak just after started 
oscillating, but as the current increases a spreading of the 
spectrum thought to originate in the instability of coherence is 
confirmed and the axial mode oscillation is observed over a 
markedly wide range of wavelengths. From the generation of 
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14 
the axial mode in Such a wide range, the gain of the novel 
structure described above is confirmed to be markedly wide. 

FIG. 12 is a graph of the oscillation spectrum of the QCL 
and the single mode oscillation according to the periodicity of 
each diffraction grating. In the graph, the abscissa represents 
the wavenumber (cm) and the ordinate represents the inten 
sity (a.u.). 
Graph F represents the oscillation spectrum at a current of 

1.4 A. Three kinds of diffraction gratings were fabricated, 
corresponding to the short-wavelength side, the middle, and 
the long-wavelength side of the oscillation spectrum. The 
period A of the diffraction grating is set to 994.5 nm, 1023.0 
nm, and 1062.8 nm, respectively from the short-wavelength 
side. As a result, the single mode oscillation was obtained at 
1573 cm (6.36 um) for the diffraction grating having the 
period A of 994.5 nm (refer to G1 in FIG. 12), at 1531 cm 
(6.53 um) for the diffraction grating having the period A of 
1023.0 nm (refer to G2 in FIG. 12), and at 1476 cm (6.77 
um) for the diffraction grating having the period A of 1062.8 
nm (refer to G3 in FIG. 12). 
As described above, it was confirmed that the single mode 

oscillation is obtained in a wide range of wavelength over 100 
cm approximately with the same wafer in the QCL 1 
according to the present embodiment. This suggests that for a 
determined period of the diffraction grating, the gain of the 
QCL may shift to the short wavelength side or the long 
wavelength side, but the single mode oscillation is still 
obtained stably at a single wavelength. By selecting the 
period of the diffraction grating, the QCLs that perform a 
plurality of kinds of single mode oscillation can be fabricated 
from a single wafer. 

Advantages and Effects 

The following describes advantages and effects of the 
present embodiment. 

In the QCL 1 illustrated in FIGS. 1 and 2, the unit layered 
structure 16 consisting of the light emitting layer 17 and the 
injection layer 18 includes two light emission upper levels of 
the first light emission upper level L. and the second light 
emission upper level L2 and the (two or more) light emis 
sion lower levels L., as levels involved in light emission. As 
described above, with a combination of two light emission 
upper levels and two or more (preferably, three or more) light 
emission lower levels, light emission over a wide range of 
wavelengths can be achieved appropriately. 

In the above configuration, one of the first light emission 
upper level L. and the second light emission upper level 
L is the ground level (a level attributable to the ground 
level) of the first well layer of the light emitting layer 17, and 
the other is an excited level (a level attributable to the excited 
level) of the well layers in the light emitting layer except for 
the first well layer (the second to the n-th well layers). 
The energy difference AE between the first light emission 

upper level and the second light emission upper level is set to 
be smaller than the LO phonon energy and the energy differ 
ence AEs between the second light emission upper level and 
the high energy level is set to be larger than the LO phonon 
energy. 

With Such a configuration, characteristics Such as the emis 
sion spectrum and other specifications obtained throughlight 
emitting transition can be appropriately set and controlled 
through designing of the coupling strength and energy differ 
ence between the levels, unlike an active layer structure uti 
lizing a Super lattice structure with a miniband consisting of 
excited levels of the well layers as the light emission upper 
levels. 
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In particular when the two light emission upper levels Li 
and L are designed to be strongly coupled in the presence 
of the operational electric field, these two upper levels behave 
as if they areasingle light upper emission level having a range 
in energies. In this case, the obtained emission spectrum is not 
an uneven spectrum as with the Super lattice structure but an 
evenly distributed spectrum. Such an emission spectrum is 
Suitable for broad spectrum single axial mode light sources 
such as EC type and DFB type. The conventional semicon 
ductor laser is known to cause gain spectral hole burning at 
laser oscillation, but the QCL according to the present 
embodiment causes no hole burning and is thus capable of 
retaining a single axial mode oscillation. 

In the Subband level structure illustrated in FIG. 2, an 
electron having undergone a light emitting transition between 
subbands in the quantum well light emitting layer 17 is 
swiftly extracted from the light emission lower level L. 
through the relaxation level L. in the injection layer 18. This 
allows an efficient generation of the population inversion in 
the light emitting layer 17. With the configurations described 
above, the QCL capable of achieving light emission in a wide 
range of wavelengths appropriately is fabricated. 
The Subband level structure of the unit layered structure 16 

described above can be controlled by designing of the quan 
tum well structure of the unit layered structure 16 included in 
the active layer 15. The subband level structure illustrated in 
FIG. 2 includes the miniband 
MB that has a function as the lower miniband including the 

light emission lower levels L and a function as the relax 
ation miniband including the relaxation levels Land extends 
from the light emitting layer 17 to the injection layer 18. Such 
a configuration allows an appropriate formation of a light 
emitting transition structure of two upper levels and a plural 
ity of lower levels, and a relaxation structure for an electron 
having undergone a light emitting transition. By utilizing the 
band structure in which the miniband in the light emitting 
layer 17 and the miniband in the injection layer 18 are 
strongly coupled, a high efficient electron transport is 
achieved from the light emitting layer 17 to the injection layer 
18. 

In the subband level structure of the QCL 1 described 
above, the energy difference AE between the first light 
emission upper level L. and the second light emission upper 
level L2 is preferably set within a range satisfying the con 
dition of 10 meV or more and 25 meV or less: 10 
meVsAEs25 meV. 

This allows an appropriate setting of laser device charac 
teristics such as the emission spectrum due to light emitting 
transitions from the first light emission upper level and the 
second light emission upper level to the light emission lower 
levels. 
The following describes the setting of the energy differ 

ence between the first light emission upper level and the 
second light emission upper level in detail. These two upper 
levels are broadened over a certain width because of influ 
ences from scattering and temperature. The extent of this 
level broadening is typically around t-10 meV, although 
determined by temperature and the interfaces and impurities 
within a crystal. This can be observed as the FWHM of 
absorption or emission. By appropriately setting the energy 
difference AE with this broadening width of the upper levels 
taken into account, these two levels can be regarded as a 
pseudo single light emission upper level. 

For carrier distributions at the two upper levels, carriers 
need to be distributed evenly enough between the two upper 
levels functioning as a pseudo single light emission upper 
level. When the number of carriers at the first light emission 
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upper level (level 3) energetically lower is denoted by N. and 
the number of carriers at the second light emission upper level 
(level 4) energetically higher is denoted by Na, the ratio 
between the numbers of carriers is given by the following 
equation: 

At a room temperature (kT-25 meV), for example, when 
the energy difference AE between the first light emission 
upper level and the second light emission upper level is set to 
~20 meV, the ratio N/N is -0.45, which means that the 
second light emission upper level L2 has approximately half 
the carriers at the first light emission upper level L. When 
it is configured that an electron from the injection layer 18a of 
the previous period is injected into the second light emission 
upper level La, the numbers of carriers N, and N can be 
made approximately equal. 

Every energy difference AE between the adjacent levels of 
the light emission lower levels L (lower miniband) (refer to 
FIG. 2) is preferably set to be smaller than the LO phonon 
energy (AEE). This configuration also allows an appro 
priate setting of laser device characteristics such as the light 
emission spectrum due to light emitting transitions from the 
first light emission upper level and the second light emission 
upper level to the light emission lower levels. 
The energy difference AE within the light emission lower 

levels Li is preferably set within a range further satisfying 
the condition of 10 meV or more and 25 meV or less: 

10 meVsAE2s25 meV. 

as with the first light emission upper level and the second light 
emission upper level. The number of the light mission lower 
levels L is preferably three or more. 
The energy difference AEs between the second light emis 

sion upper level L. and the high energy level L is prefer 
ably set within a range further satisfying the condition of 50 
meV or more: 

50 meVsAEs. 

This can prevent an electron that is to be injected from the 
level L. in the injection layer 18a of the previous period into 
the first light emission upper level L. and the second light 
emission upper level L2 from leaking into a level higher 
than the light emission upper levels. Such a level structure in 
which the higher energy levels are separated enough from the 
first light emission upper level and the second light emission 
upper level is definitely different from the upper miniband 
utilizing the Super lattice structure in an active layer. 
An electrone from the level Lr in the injection layer 18a 

of the previous period into the quantum well light emitting 
layer 17 is preferably injected into the second light emission 
upper level L2. As described above, by injecting an electron 
into the second light emission upper level, which is the higher 
level between the first light emission upper level and the 
second light emission upper level, carriers are distributed 
evenly between the two upper levels, thereby appropriately 
achieving light emitting transitions from the first light emis 
sion upper level and the second light emission upper level to 
the lower levels. 
The probabilities of an electron at the first light emission 

upper level L. and the second light emission upper level 
La existing in the active layer except for the first well layer 
of the quantum well light emitting layer 17 are preferably 
30% or more, the probabilities given by its squared wave 
functions. With a configuration in which the wave functions 
of the first light emission upper level and the second light 
emission upper level are not localized in the first well layer to 
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allow an electron to exist with a sufficient probability in the 
second to the n-th well layers with these wave functions 
extending over the entire light emitting layer 17, the first light 
emission upper level and the second light emission upper 
level each appropriately function as a level for light emitting 5 
transitions to the light emission lower levels, thereby achiev 
ing evenly light emitting transitions. 
The QCL 1 according to the present embodiment includes 

the diffraction grating layer 20 including the base 20a dis 
posed on the active layer 15 and the mutually separate pro 
trusions 20b disposed on the base 20a. This allows adjustment 
of the distance from the active layer 15 to the protrusions 20b, 
which functions as the diffraction grating, through the thick 
ness of the base 20a. That is, the coupling factor of the 
diffraction grating can be adjusted for a wavelength by adjust 
ing the thickness of the base 20a. 

In the QCL 1 according to the present embodiment, the 
protrusions 20b (the diffraction grating layer 20) function as 
a phase shifting diffraction grating. The bimodal oscillation 
Stemming from an error in the position of cleavage of the 
diffraction grating in manufacturing is thus prevented, which 
allows manufacturing of the QCL 1 that stably performs the 
single mode oscillation. 
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Other Embodiments 

The QCL according to the present invention is not limited 
to the embodiment and the configuration example described 
above but allows various modifications. The configuration 
example above describes an example with the semiconductor 
substrate using the InP substrate and the active layer made of 
InGaAS/InAlAS, but various configurations can be adopted as 
long as they allow light emitting transition through interSub 
band transition in a quantum well structure and realization of 35 
the subband level structure described above. 
As such a semiconductor material, various materials other 

than InGaAs/InAlAs described above can be used such as 
GaAs/AlGaAs, InAS/A1Sb, GaN/AlGaN, and SiGe/Si. Vari 
ous methods may be used as a semiconductor crystal growth 
method. 

Various structures other than those illustrated in FIGS. 1,3, 
and 4, may be adopted as the layered structure in the active 
layer of the QCL and the semiconductor layered structure as 
the entire laser device. The QCL typically needs to include the 
semiconductor Substrate and the active layer disposed on the 
semiconductor Substrate and having the configuration 
described above. The above configuration example describes 
the configuration lattice-matched to the InP substrate, but a 
configuration lattice-mismatched to the InP substrate may be 
adopted. This configuration can increase flexibility in device 
design, and achieve effective carrier confinement and short 
ened oscillation wavelength. 

In the present embodiment, the diffraction grating layer 20 
is formed as a W4 phase shifting diffraction grating, but may 
be a diffraction grating with a phase shifting amount other 
than W/4. The W/4 phase shifting diffraction grating, however, 
is preferably adopted as in the present embodiment because 
the oscillation threshold gain is then only for one mode, the 
minimum mode. 

In the present embodiment, the diffraction grating layer 20 
includes the base 20a, but the protrusions 20b may be directly 
disposed on the active layer 15 (the upper core layer 12) 
without the base 20a. 
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REFERENCE SIGNS LIST 

1... QCL, 10... semiconductor substrate, 11... lower 
core layer, 12... upper core layer, 13a and 13b ... cladding 
layer, 14. . . contact layer, 15 . . . active layer, 16 . . . unit 
layered structure, 17 . . . quantum well light emitting layer, 
18 . . . injection layer, 20 . . . diffraction grating layer, 
L. ... first light emission upper level, La ... second light 
emission upper level, L. . . . light emission lower level. 
L. . . . relaxation level, L. . . . ground level in the injection 
layer, Li, ... high energy fevel, MB. . . miniband. 
The invention claimed is: 
1. A quantum cascade laser comprising: 
a semiconductor Substrate; 
an active layer that is disposed on the semiconductor Sub 

strate and has a cascade structure in which a unit layered 
structure including a quantum well light emitting layer 
and an injection layer is stacked in multiples to alter 
nately stack the quantum well light emitting layer and 
the injection layer, and 

a diffraction grating disposed on the active layer, wherein 
the unit layered structure has a subband level structure 

including a first light emission upper level, a second light 
emission upper level having a higher energy than the first 
light emission upper level, and a plurality of light emis 
sion lower levels having lower energies than the first 
light emission upper level. 

light is generated through interSubband transition of an 
electron from the first light emission upper level and the 
second light emission upper level to the light emission 
lower levels in the quantum well light emitting layer, and 
the electron having undergone the interSubband transi 
tion is injected via a level of the injection layer into a 
quantum well light emitting layer of the unit layered 
structure of a Subsequent period, 

the quantum well light emitting layer includes n (n is an 
integer equal to or greater than two) well layers, one of 
the first light emission upper level and the second light 
emission upper level is a level attributable to a ground 
level of a first well layer on the injection layer side of a 
first period, and the other is a level attributable to an 
excited level of the well layers except for the first well 
layer, and 

an energy difference between the first light emission upper 
level and the second light emission upper level is set to 
be smaller than energy of a longitudinal optical phonon, 
and an energy difference between the second light emis 
sion upper level and a high energy level adjacent to and 
higher than the second light emission upper level is setto 
be larger than the energy of the longitudinal optical 
phonon. 

2. The quantum cascade laser according to claim 1, 
wherein 

the diffraction grating layer includes a base disposed on the 
active layer, and a plurality of mutually separate protru 
sions disposed on the base. 

3. The quantum cascade laser according to claim 1, 
wherein 

the diffraction grating layer includes a phase shifting por 
tion. 

4. The quantum cascade laser according to claim 2, 
wherein 

the diffraction grating layer includes a phase shifting por 
tion. 


